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ABSTRACT 
A method f o r  measuring the  th ree  components o f  
mean f l o w  v e l o c i t y  us ing  a backsca t te r  o p t i c a l  system 
based on a confocal  Fabry-Perot i n te r fe romete r  i s  
descr ibed.  An ana lys i s  of t h e  expected u n c e r t a i n t i e s  
i n  t h e  v e l o c i t y  component measurements i s  presented 
along w i t h  experimental da ta  taken i n  a f ree j e t  a t  
two f l o w  v e l o c i t i e s  (100 and 300 mls) .  
INTRODUCTION 
The measurement o f  t h e  t h r e e  components o f  velo- 
c i t y  i s  needed i n  many f l u i d  mechanics experiments. 
Because o f  i t s  non - in t rus i ve  nature, l a s e r  anemometry 
i s  f r e q u e n t l y  se lec ted  f o r  these measurements. The 
p r e f e r a b l e  l a s e r  anemometer approach i s  t o  measure 
t h e  t h r e e  or thogonal  v e l o c i t y  components d i r e c t l y  (as 
desc r ibed  by Meyers and Wilkinson, 1982, f o r  exam- 
p l e ) .  Th is  genera l l y  r e q u i r e s  o p t i c a l  access from 
two or thogonal  d i r e c t i o n s  i f  t h e  usual dual-beam 
f r i n g e  o r  two-spot techniques are employed. With 
o p t i c a l  access l i m i t e d  t o  a s i n g l e  v iewing por t ,  
o t h e r  approaches must be considered. 
Wi th a s i n g l e  o p t i c a l  v iewing p o r t ,  one approach 
i s  t o  measure non-orthogonal v e l o c i t y  components 
us ing  backscat ter  dual-beam f r i n g e  op t i cs ,  such as 
desc r ibed  by N e t i  and C la rk  (1979) and by  Johansson 
(1976). Th is  method o f f e r s  the  advantage o f  a l l  
r e a l - f r i n g e  systems - t h e  c a p a b i l i t y  t o  e f f e c t i v e l y  
use s c a t t e r e d  l i g h t  c o l l e c t e d  over l a r g e  apertures. 
Unfor tunate ly ,  t he  e r r o r  o f  t h e  v e l o c i t y  component 
a long the  o p t i c a l  a x i s  d e r i v e d  i n  t h i s  manner becomes 
l a r g e  when o n l y  components c l o s e  t o  t h e  o p t i c a l  ax is  
are measured ( O r l o f f  and Snyder, 1982). 
Another approach f o r  measuring t h r e e  v e l o c i t y  
components used by  O r l o f f  and Logan (1973) i s  t o  
combine a reference-beam heterodyne technique t o  
o b t a i n  the  on-axis component w i t h  f r i n g e  o p t i c s  t o  
o b t a i n  the  components normal t o  the  o p t i c a l  axis. 
One d i f f i c u l t y ,  however, i n  u s i n g  the  reference-beam 
method i n  h i g h  speed f l o w s  i s  t h a t  t h e  Doppler f re -  
quency s h i f t  f o r  backsca t te r  i s  about 4 MHzlrnls f o r  
v i s i b l e  l a s e r  l i g h t .  Th i s  r e s u l t s  i n  a dynamic f r e -  
quency range t h a t  can e a s i l y  exceed the  frequency 
response o f  most commonly used p h o t o m u l t i p l i e r  
tubes. Another fundamental l i m i t a t i o n  o f  t he  r e f e r -  
ence-beam technique i s  expressed by  t h e  Antenna Theo- 
rem (Siegman, 1966), which s t a t e s  t h a t  the maximum 
e f f e c t i v e  aper tu re  area i s  l i m i t e d  t o  about x z / Q  
where R i s  t he  s o l i d  angle subtended by t h e  probe 
volume a t  t h e  r e c e i v e r  aper ture.  
An a l t e r n a t i v e  approach f o r  measuring t h e  com- 
ponent a long the  o p t i c a l  a x i s  i s  t o  d i r e c t l y  measure 
t h e  Doppler s h i f t  us ing  an i n te r fe romete r .  I n  pre- 
v ious work (Seashol tz  and Goldman, 1982) we demon- 
s t r a t e d  the  f e a s i b i l i t y  of us ing  a confocal  Fabry- 
Pe ro t  i n te r fe romete r  t o  measure the  l i ne -o f - s igh t  
v e l o c i t y  component i n  a f l o w  t h a t  i s  predominantly 
t ransve rse  t o  t h e  l i ne -o f - s igh t .  
The d i r e c t  measurement o f  t he  Doppler s h i f t  w i t h  
a Fabry-Perot i n te r fe romete r  o f f e r s  advantages i n  
h igh  speed f l ow  experiments compared w i t h  the  more 
common dual-beam f r i n g e  and reference-beam l a s e r  
anemometers. One advantage i s  an e s s e n t i a l l y  un- 
l i m i t e d  v e l o c i t y  range. Dual-beam f r i n g e  and r e f e r -  
ence beam techniques a re  l i m i t e d  by t h e  f requency 
response o f  t h e  photodetectors  and s i g n a l  process ing 
equipment t o  a few hundred Megahertz. Another advant- 
age o f  i n t e r f e r o m e t r i c  measurements i s  t h a t  t h e  
amount of usable sca t te red  l i g h t  i s  n o t  l i m i t e d  by 
t h e  Antenna Theorem, b u t  by t h e  l i g h t - g a t h e r i n g  power 
(etendue) o f  t he  i n te r fe romete r .  Th i s  g e n e r a l l y  
a l l ows  more o f  t h e  sca t te red  l i g h t  t o  be used. 
Other workers have used t h e  Fabry-Perot i n t e r -  
ferometer  f o r  s i n g l e  component measurements i n  wind 
tunne ls  (Jackson and Paul, 1970, 1971; Eggins and 
Jackson, 1972; Jackson and Eggins, 1976), i n  r o c k e t  
exhausts (James, Babcock, and S e i f e r t ,  1968; Morse 
e t .  al., 1969), and i n  an MHD generator  ( S e l f ,  1974). 
Th i s  paper descr ibes a more general technique 
s u i t a b l e  f o r  measuring t h e  t h r e e  components o f  t h e  
mean f l o w  v e l o c i t y  us ing  a confocal  Fabry-Perot i n -  
t e r fe romete r  (CFP). A backsca t te r  o p t i c a l  con f i gu ra -  
t i o n  i s  descr ibed t h a t  can be operated i n  two modes. 
The f i r s t  mode uses a s i n g l e  beam o f f s e t  from t h e  
o p t i c a l  a x i s  w i t h  the  sca t te red  l i g h t  c o l l e c t e d  a long 
t h e  o p t i c a l  ax is .  The second mode i s  a dual-beam 
c o n f i g u r a t i o n  us ing  o p t i c s  s i m i l a r  t o  those i n  a 
dual-beam f r i n g e  system. 
I n  t h e  dual-beam mode, t h e  CFP can measure two 
or thogonal  v e l o c i t y  components w i t h  a s i n g l e  o r i e n t a -  
t i o n  o f  t h e  i n p u t  beams. The components measured a re  
t h e  component a long t h e  o p t i c a l  a x i s  and one compon- 
en t  normal t o  the  o p t i c a l  ax is .  Ro ta t i on  o f  t h e  
p lane  o f  t h e  two i n p u t  beams a l l ows  t h e  t h i r d  .velo- 
c i t y  component t o  be measured. 
An ana lys i s  o f  t h e  expected u n c e r t a i n t i e s  i n  t h e  
v e l o c i t y  measurements i s  presented a long w i t h  exper i -  
mental r e s u l t s  f o r  a smal l  f r e e  j e t  operated a t  two 
v e l o c i t i e s  (100 m/s and 300 m ls ) .  
I n  t h i s  paper, the f o l l o w i n g  terminology w i l l  be 
used: a convent ional  dual-beam f r i nge - t ype  l a s e r  
anemometer us ing  a counter-type s i g n a l  processor w i l l  
be r e f e r r e d  t o  as a " f r i n g e "  anemometer; a re ference-  
beam heterodyne anemometer w i l l  be r e f e r r e d  t o  as a 
"reference-beam'' anemometer; and an anemometer based 
on t h e  d i r e c t  measurement o f  Doppler s h i f t  u s i n g  a 
con foca l  Fabry-Perot i n t e r f e r o m e t e r  w i l l  be r e f e r r e d  
t o  as a "Fabry-Perot", o r  "CFP", anemometer. 
APPARATUS 
O p t i c a l  System 
The l a y o u t  o f  t he  o p t i c a l  system i s  shown i n  
F igu re  1. An argon-ion l a s e r  was equipped w i t h  an 
e t a l o n  and produced 0.2 W s ing le- f requency ou tpu t  a t  
514.5 nm. A f t e r  t h e  beam passed through t h e  c o l l i -  
1 
F i g u r e  1.- O p t i c a l  c o n f i g u r a t i o n  f o r  t h r e e  component 
mator (ad jus ted  t o  p o s i t i o n  the  beam w a i s t  a t  t he  
f o c a l  p o i n t  o f  l ens  L l ) .  t h e  beam was s p l i t  i n t o  two 
equal i n t e n s i t y  beams w i th  an 82 mm separat ion.  The 
beam s p l i t t e r  was assembled from commerc ia l ly  a v a i l -  
ab le  o p t i c a l  modules i nco rpo ra t i ng  a r o t a r y  mount so 
t h a t  t h e  o r i e n t a t i o n  o f  t h e  beams cou ld  be e a s i l y  
ad justed.  The system could be operated i n  t h e  dual -  
beam mode o r  i n  a s i n g l e  beam mode by b l o c k i n g  one of 
t h e  beams. The beam(s) were focused by lens L 1  
( f /2 .5 ,  250 mn f o c a l  l eng th )  i n  the  probe volume 
(d ia .  about 30 pm). The f r i n g e  spacing ( w i t h  the  
dual  beams) was determined ( b y  measuring t h e  c ross ing  
angle o f  t he  beams 28 = 18.86') t o  be 1.57 urn. The 
l i g h t  sca t te red  by p a r t i c l e s  i n  t h e  f l o w  pass ing 
through t h e  probe volume was c o l l e c t e d  by  lens L1 and 
masked by a 25 mn diameter aper ture l oca ted  on t h e  
o p t i c a l  ax is .  
The sca t te red  l i g h t ,  a f t e r  be ing  r e f l e c t e d  by 
two m i r r o r s .  was focused by  lens L2 (160 mm f o c a l  
l e n g t h )  on to  a p i n h o l e  aper ture (d iameter  50 urn). A 
1OX microscope o b j e c t i v e  L3 was p laced t o  form an 
image o f  t h e  p inho le  (and hence t h e  probe volume) a t  
t h e  c e n t r a l  p lane o f  t he  CFP. (A d e s c r i p t i o n  o f  t h e  
theo ry  o f  t h e  CFP i s  given by Hercher (1968)) .  The 
magn i f i ed  image o f  t h e  probe volume was about 0.2 mn 
diameter. Since t h e  r e c e i v i n g  o p t i c s  ape r tu re  re -  
s t r i c t e d  t h e  angular divergence o f  l i g h t  f rom t h e  
probe volume t o  5.7 , the angular divergence a t  t h e  
CFP was 0.89'. 
The CFP had a m i r r o r  separa t i on  d = 25 mm g i v i n g  
a f r e e  s p e c t r a l  range of 3 GHz. The ac tua l  spacing 
i s  e l e c t r i c a l l y  ad jus tab le  over a smal l  range by  
means o f  a p i e z o - e l e c t r i c  element, a l l o w i n g  t h e  CFP 
t o  be used as a scanning o p t i c a l  spectrum analyser. 
A c o l l i m a t e d  beam of  monochromatic l i g h t  i n c i -  
dent  a long the  a x i s  o f  the CFP w i l l  fo rm a m u l t i p l e  
beam in te r fe rence  p a t t e r n  i n  t h e  c e n t r a l  p lane o f  t h e  
i n t e r f e r o m e t e r  (Hercher, 1968). With t h e  m i r r o r  
separa t i on  a t  a resonance c o n d i t i o n  the  d iameter  o f  
t h e  c e n t r a l  f r i n g e  i s  
measurements us ing  Fabry-Perot I n te r fe romete r .  
Ds = 2(d3A/F)1/4 ( 1 )  
where F i s  t h e  instrument f i n e s s e  defined as t h e  
r a t i o  o f  t h e  f r e e  spec t ra l  range t o  t h e  observed 
ins t rumen ta l  bandwidth ( f u l l - w i d t h  a t  half-maximum). 
The measured f i n e s s e  was F = 60. The t ransmi t tance  
f u n c t i o n  of t he  CFP f o r  an aper tu re  small  compared t o  
Ds i s  t h e  Airy f u n c t i o n  
T( f ,d)  = T o / ( l  + ( 2 F / n ) 2 ~ i n 2 ( 4 n d f / c ) )  
(2 ) 
where To i s  t he  maximum t ransmi t tance  (about 0.1) 
and c i s  t h e  v e l o c i t y  o f  l i g h t .  
The measure o f  an i ns t rumen t ' s  l i g h t - g a t h e r i n g  
power i s  t h e  etendue U def ined as 
U = A R  ( 3 )  
where A i s  t h e  aper tu re  area and 0 i s  t h e  s o l i d  angle 
of t h e  f i e l d  o f  view subtended a t  t h e  aper ture.  
For a CFP bo th  A and fi have an upper l i m i t  t h a t  
cannot be exceeded w i t h o u t  degrading t h e  e f f e c t i v e  
f i nesse .  These l i m i t s ,  here designated As and 
os, are 
( 4 )  
( 5 )  
2 -6 ,,2 A = nDS/4 = 1.15 x 10 S 
n S  = nes/4 2 = AS/d2 = 1.84 x s r  
The maximum l i g h t - g a t h e r i n g  power (etendue) of t h e  
CFP i s  thus  
2 2 
U = A R = II dx/F = 2.12 x lo-' sr-m s s  
For  the  o p t i c a l  parameters used i n  t h i s  work, 
t h e  probe volume image area was 2.9 x 10-6 m2, 
and the  s o l i d  angle o f  t he  sca t te red  l i g h t  e n t e r i n g  
t h e  CFP was 1.9 x s r .  Thus both t h e  image 
area and s o l i d  angle a re  l e s s  than the  maximum al low-  
ab le  values. The etendue o f  t h i s  system was 1.5 x 
sr-m2, which i s  much sma l le r  than t h e  maxi- 
mum given by Equat ion 6. Th is  i n d i c a t e s  t h a t  much 
more of t he  sca t te red  l i g h t  cou ld  have been used, 
which would have s i g n i f i c a n t l y  increased t h e  s i g n a l -  
to-noise r a t i o .  Note t h a t  t h i s  c o n f i g u r a t i o n ,  which 
o n l y  used a f r a c t i o n  o f  t h e  maximum l i g h t - g a t h e r i n g  
power of t he  CFP, s t i l l  uses much more o f  t h e  scat -  
t e r e d  l i g h t  than would be p o s s i b l e  w i t h  a re ference-  
beam system. (The maximum l i g h t - g a t h e r i n g  power o f  a 
reference-beam system, as g i ven  by t h e  Antenna Theo- 
rem, i s  A~ = 2.7 x 
I n  t h e  dual-beam con f igu ra t i on ,  the system may 
be operated as a f r i n g e - t y p e  anemometer. As shown i n  
F igu re  1, the  removable m i r r o r  may be used t o  d i r e c t  
t h e  sca t te red  l i g h t  t o  l e n s  L4, which focuses t h e  
l i g h t  on to  100 urn diameter p i n h o l e  ape r tu re  mounted 
on a PMT. A comnercial counter-processor i n t e r f a c e d  
t o  the  computer i s  used t o  measure the  v e l o c i t y  com- 
ponent normal t o  t h e  o p t i c a l  ax i s .  
The system a l s o  i nc luded  an acousto-opt ic  modu- 
l a t o r  (Bragg c e l l )  t o  generate a re fe rence  s i g n a l  
o f f se t  f rom the  l a s e r  frequency. Th is  re fe rence  beam 
was d i r e c t e d  t o  a su r face  on the  o p t i c a l  a x i s  so some 
Of t he  sca t te red  l i g h t  would reach the  photodetector .  
E l e c t r o n i c s  and Data A c q u i s i t i o n  
A l i n e a r  ramp generator  t h a t  produced a sawtooth 
waveform w i t h  ad jus tab le  pe r iod ,  ampli tude, and o f f -  
se t  was used t o  scan t h e  CFP over t h e  d e s i r e d  f re -  
quency range. 
The CFP s p e c t r a l  measurements were made by scan- 
n i n g  over a f requency range less  than the  f ree  spec- 
t r a l  range t o  reduce t h e  da ta  a c q u i s i t i o n  t ime.  Some 
u n s h i f t e d  l i g h t  and some l i g h t  s h i f t e d  by  a Bragg 
c e l l  were used t o  c a l i b r a t e  the  ou tpu t  spectrum. The 
p h o t o m u l t i p l i e r  s i g n a l  was processed w i t h  photon 
coun t ing  e l e c t r o n i c s  t h a t  accumulated the  number o f  
photon counts  f o r  a p rese t  t ime  i n t e r v a l  equal t o  
1/256 o f  t h e  ramp pe r iod .  These counts were sent  t o  
a smal l  l a b o r a t o r y  computer, which s to red  them i n  t h e  
form o f  a 256 b i n  histogram. 
A d i g i t a l  s torage o s c i l l o s c o p e  synchronized w i t h  
t h e  ramp generator  was used t o  con t inuous ly  mon i to r  
t h e  analog ou tpu t  o f  t h e  photon counter. Th i s  gave 
t h e  opera to r  a r e a l - t i m e  p i c t u r e  o f  t he  spectrum 
being accumulated i n  t h e  computer. 
MEASUREMENT THEORY 
S c a t t e r i n  Theory 
Consqder a p lane  wave w i t h  wave vec to r  boi  
i n c i d e n t  on a p a r t i c l e  moving w i t h  v e l o c i t y  as 
shown i n  F i g u r e  2 .  L i g h t  s c a t t e r e d  w i t h  wave vec to r  
ks w i l l  be Doppler s h i f t e d  by  an amount 
sr-m2.) 
f .  = f - f = (1 /2n )  ( l i s -  koi).Y 
1 s o  ( 7 )  
where fo  and f s  are t h e  f requencies (Hz) o f  t he  
i n c i d e n t  and s c a t t e r e d  waves r e s p e c t i v e l y .  I f  we 
assume t h a t  lj&,jl = Iksl = k = 2n/A ( a  good 
2 
Z, OPTICAL AXIS 
F i g u r e  2.- Vector diagram showing i n c i d e n t  beam k o i ,  
s c a t t e r e d  beam ks, and v e l o c i t y  1; t he  spher ica l  
coo rd ina te  system i s  used. 
approx imat ion f o r  p a r t i c l e  v e l o c i t i e s  much less  than 
t h e  v e l o c i t y  o f  l i g h t ) ,  t hen  t h e  vec to r  (ks-koi) 
l i e s  on t h e  b i s e c t o r  of ks and -koi. 
I f  t h e  s c a t t e r i n g  wave vec to r  kS l i e s  along 
t h e  -z a x i s  and t h e  i n c i d e n t  wave propagat ion d i rec -  
t i o n  i s  descr ibed by t h e  angles a i  and g shown i n  
F i g u r e  2 ,  t h e  Doppler s h i f t  g i ven  by  Equation 7 may 
be w r i t t e n  
f i=- (V/x) [s ine s ing  cos(d-ai) + c o w  (l+coSS)] (8 )  
I n  general,  t h r e e  independent measurements ( a t  3 
va lues o f  a i )  w i l l  a l l ow  t h e  de te rm ina t ion  o f  the 
t h r e e  components of t he  v e l o c i t y .  
I ns tead  of us ing  o n l y  t h r e e  measurements to  
determine t h e  vec to r  v e l o c i t y ,  i t  i s  o f t e n  p re fe rab le  
t o  use t h e  method o f  l e a s t  squares (Wolberg, 1967) 
w i t h  more than t h r e e  measurements t o  c a l c u l a t e  the 
v e l o c i t y  components a long w i t h  est imates o f  t h e i r  
u n c e r t a i n t i e s .  
P r e d i c t i o n  o f  Measurement U n c e r t a i n t i e s  
The use o f  p r e d i c t i o n  ana lys i s  a l l ows  the  exper- 
imenter t o  o b t a i n  es t ima tes  o f  t he  expected uncer- 
t a i n t i e s  i n  a l e a s t  squares a n a l y s i s  o f  t he  data 
before t h e  experiment i s  conducted. Here, we apply 
t h i s  technique t o  f i n d  t h e  expected u n c e r t a i n t y  i n  
t h e  measurement o f  v e l o c i t y  us ing  t h e  Fabry-Perot 
i n t e r f e r o m e t e r .  
The expected u n c e r t a i n t y  i n  a parameter ak i s  
g iven by t h e  square r o o t  of t h e  d iagonal  components 
of the i nve rse  C m a t r i x  (Wolberg, 1967, pp. 75-82) 
where t h e  C m a t r i x  has components 
1 a f i  a f .  
' k l  = >T aa, $ (10) 
i 
I n  Equat ion 10, the  f i  are g i ven  by Equat ion 8; 
t h e  ak a re  t h e  parameters V, e ,  and 8 ;  and t h e  L i  
a re  we igh t i ng  f a c t o r s  g i ven  by 
Li = o2 fi +(? aaJ 
3 
where ua, are the  u n c e r t a i n t i e s  i n  t h e  measure- 
ments o f  t h e  independent v a r i a b l e  a i ,  and uf,. are 
the  u n c e r t a i n t i e s  i n  t h e  measurements o f  t h e  
depevdent v a r i a b l e  f i .  
To o b t a i n  a n a l y t i c a l  express ions f o r  the C ma- 
t r i x  elements, we assume n e q u a l l y  spaced values o f  
a i  over the  range 0 t o  2n. The summation i n  Equa- 
t i o n  10 i s  conver ted t o  an i n t e g r a l  and t h e  C m a t r i x  
components a re  found t o  be 
Cl1 =(n/x  2 2  o f ) [ ( l / 2 ) s i n  2 2  e s i n  E + cos 2 e ( 1  + COSS)  2 ] 
(v2n/a2,:)[(1/2)cos2e sin2B + s i n  2 e ( 1  + case) 2 1 
5 2  = 
(12)  
2 2  2 2 c~~ = (v2n/2x o f )  s i n  e s i n  6 
C13 = c31 = CZ3 = c32 = 0 
cl2=cZ1= -(vn/x2o:) s i n e  cose [ ( l / ~ ) s i n  2 S-(l+COsS) 2 3 
where a f 2 i s  t h e  va r iance  i n  t h e  measurement o f  t h e  
f requency f .  Here we assumed t h a t  o f .  = of is  
t h e  same f o r  a l l  measurements and t h a t  t h e r e  i s  no 
u n c e r t a i n t y  i n  the  independent v a r i a b l e  a i  (i.e., 
"' -Evaluat ion o f  Equat ion 9 us ing  t h e  C m a t r i x  
elements g i ven  i n  Equations 12 g i ves  t h e  uncer ta in-  
t i e s  i n  t h e  v e l o c i t y  parameters (V,  e, 6) 
0 . -  0) .  
+ [ s i n e (  ~ + C O S B  11 
Note t h a t  ad i s  undef ined f o r  t h e  f l o w  d i r e c t l y  
along t h e  o p t i c a l  ax is .  
Two spec ia l  cases can be e a s i l y  evaluated t o  
show t h e  expected u n c e r t a i n t i e s  f o r  V and e.  The 
f i r s t  case i s  f o r  t h e  f l o w  normal t o  the o p t i c a l  a x i s  
(e = 90') where 
The second spec ia l  case i s  f o r  t h e  f l o w  a long 
t h e  o p t i c a l  a x i s  ( e  = 0') where 
To i l l u s t r a t e  the  a p p l i c a t i o n  o f  t h i s  p r e o i c t i o n  
ana lys i s ,  we consider  t h e  f o l l o w i n g  example: 
v e l o c i t y  magnitude V = 300 m/s ( 1 )  
( 2 )  no u n c e r t a i n t y  i n  angle a i ,  i.e., 
( 3 )  u n c e r t a i n t y  i n  measurement o f  Doppler 
( 4 )  8 measurements made a t  equal spac ing 
( 5 )  
(6 )  angle between i n c i d e n t  beam and o p t i c a l  
From equat ions 14 and 15 t h e  u n c e r t a i n t i e s  i n  t h e  
measurement are 
(JOi  = 0 
s h i f t ,  of= 3 MHz 
over 360' 
l a s e r  wavelength A = 0.5 
a x i s  6 = 10' 
AXIS - 
F i g u r e  3.- Dual-beam con f igu ra t i on  (a)  wave vec to r  
diagram showing i n c i d e n t  beams k o l  and k02, 
s c a t t e r e d  beam ks ,  v e l o c i t y  l ( b )  s p e c t r a l  compon- 
ents, f l  i s  p ropor t i ona l  t o  t ranve rse  v e l o c i t y  
component and f l t  i s  p r o p o r t i o n a l  t o  component 
a long t h e  o p t i c a l  ax is .  
Note t h a t  t he  unce r ta in t y  i n  t h e  magnitude o f  
t h e  v e l o c i t y  i s  a s t rong f u n c t i o n  of t he  beam angle 
and t h a t  i t  i s  much greater  f o r  the f l o w  normal t o  
t h e  o p t i c a l  ax i s .  Th i s  i s  a r e s u l t  o f  t h e  measured 
Doppler s h i f t  f requencies being a measure o f  v e l o c i t y  
components c l o s e  t o  the o p t i c a l  ax i s .  Reca l l  t h a t  
t h i s  i s  t he  oppos i te  s i t u a t i o n  one encounters w i t h  
f r i n g e  t ype  anemometers where the  component a long the  
o p t i c a l  a x i s  i s  measured wi th  less  accuracy than the  
components normal t o  the o p t i c a l  a x i s  ( N e t i  and 
Clark ,  1979). 
Dual-Beam Con f igu ra t i on  
Wi th the dual-beam c o n f i g u r a t i o n  two or thogonal  
v e l o c i t y  components may be measured from a s i n g l e  
spectrum. I f  the  scat tered l i g h t  wave vec to r  ks i s  
a long t h e  o p t i c a l  a x i s  and t h e  two i n c i d e n t  beams are 
symmet r i ca l l y  l oca ted  about the  o p t i c a l  a x i s  (F ig .  
3) ,  t he  average and d i f f e r e n c e  of t h e  Doppler s h i f t  
f r equenc ies  o f  the two sca t te red  beams a re  propor- 
t i o n a l  t o  the  v e l o c i t y  components a long and perpen- 
d i c u l a r  t o  the  o p t i c a l  axis, respec t i ve l y .  That i s ,  
(16) 
f,, = [ ( f z  - fo )  + (fl - f o ) l / 2  = VI, I s , ,  
where, s, = A/(2 s i n s )  
(17)  
Sll = A/(1* C O S S )  
Note t h a t  s, i s  t h e  usual f r i n g e  spacing o f  t h e  
f r i n g e  anemometer. 
Wi th  t h i s  dual-beam c o n f i g u r a t i o n ,  two spec t ra  
taken a t  two o r i e n t a t i o n s  o f  t he  r e a l - f r i n g e  p a t t e r n  
(as  measured by the  angle u i )  are needed t o  de te r -  
mine the  vec to r  v e l o c i t y .  
Hyb r id  Mode 
The dual-beam c o n f i g u r a t i o n  may a l s o  be used i n  
a h y b r i d  mode where t h e  t ransverse v e l o c i t y  compon- 
en ts  are measured us ing  convent ional  f r i n g e  s i g n a l  
process ing techniques, and t h e  on-axis component i s  
measured w i t h  t h e  CFP . For t h i s  h y b r i d  mode, t h e  
removable m i r r o r  shown i n  F igu re  1 would be rep laced 
by a beam s p l i t t e r .  
The h y b r i d  mode i s  p re fe rab le  i f  the  v e l o c i t i e s  
are low enough so t h a t  the frequencies are w i t h i n  t h e  
bandwidth o f  t h e  photodetector  and s i g n a l  processor .  
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Th is  mode may a l so  be used w i t h  a f l u o r e s c e n t  dye as 
the  seed m a t e r i a l  (Stevenson, dos Santos, and 
M e t t l e r ,  1975). The f luorescence would be used t o  
measure the  t ransve rse  component and the  p a r t  o f  t h e  
l i g h t  a t  t he  i n c i d e n t  wavelength would be used f o r  
t h e  CFP measurement o f  t h e  l i n e - o f - s i g h t  component. 
The advantage o f  u s i n g  t h e  l a s e r  induced f luorescence 
i s  t h a t  measurements may be made near sur faces.  
Spect ra l  Broadening 
I n  a d d i t i o n  t o  the  i nhe ren t  i ns t rumen ta l  band- 
w i d t h  o f  t he  CFP, t h e r e  a re  t h r e e  a d d i t i o n a l  f a c t o r s  
t h a t  cause broadening o f  t h e  s p e c t r a l  l i n e  o f  t h e  
l i g h t  sca t te red  by p a r t i c l e s  moving through t h e  probe 
volume. One f a c t o r  i s  f l u c t u a t i o n s  ( j i t t e r )  i n  t h e  
l a s e r  frequency. I n  a c o n t r o l l e d  l a b o r a t o r y  env i ron-  
ment t h i s  i s  about 10 MHz f o r  t ime  pe r iods  on t h e  
order  o f  seconds, b u t  w i l l  be l a r g e r  f o r  h i g h  acous- 
t i c  no i se  o r  h igh  v i b r a t i o n  environments. Th is  j i t- 
t e r  i n  t h e  l a s e r  frequency, o f  course, l i k e w i s e  a f -  
f e c t s  the  reference and non-Doppler s h i f t e d  frequen- 
c ies .  
A second reason f o r  s p e c t r a l  broadening i s  t h e  
range o f  s c a t t e r i n g  angles caused bo th  by t h e  angular  
spectrum of t he  i n c i d e n t  beam, which can a l s o  be 
thought  o f  as t r a n s i t  t ime  broadening, and by  t h e  
range of sca t te red  l i g h t  wave vec to rs  accepted by the  
r e c e i v i n g  op t i cs .  
The standard d e v i a t i o n  o f  t he  s p e c t r a l  broad- 
en ing due t o  the  i n c i d e n t  beam i s  (Edwards e t .  a l . ,  
1971) 
where V, i s  t he  t ransve rse  v e l o c i t y  component and 
do i s  t h e  diameter o f  t h e  probe volume. The stan- 
dard d e v i a t i o n  o f  t h e  broadening due t o  the  r e c e i v i n g  
o p t i c s  ape r tu re  i s  
where eR i s  t he  angle subtended by t h e  r e c e i v e r  
ape r tu re  a t  t h e  probe volume. 
The t h i r d  cause o f  s p e c t r a l  broadening i s  f l u c -  
t u a t i o n s  i n  the  f requency corresponding t o  f l u c t u a -  
t i o n s  i n  the  v e l o c i t y  component a long t h e  o p t i c a l  
a x i s  ( i . e .  t he  tu rbu lence ) .  Th i s  prov ides a means o f  
us ing  the spec t ra l  w i d t h  t o  c a l c u l a t e  t h i s  component 
o f  t he  tu rbu lence  i n t e n s i t y  prov ided t h a t  t h e  o t h e r  
broadening e f f e c t s  a r e  smal ler .  
EXPERIMENTAL RESULTS 
Two se ts  o f  measurements were made i n  a smal l  
f r e e  j e t .  One se t  was made w i t h  a v e l o c i t y  magnitude 
o f  about 100 m/s u s i n g  t h e  s i n g l e  beam con f igu ra -  
t i o n .  The second s e t  of measurements was made a t  
sonic  f l o w  cond i t i ons .  
The f r e e  j e t  had a 8.9 mm e x i t  diameter and was 
operated from t h e  l a b o r a t o r y  compressed a i r  supply. 
The e x i t  was a t  ambient pressure.  A l l  measurements 
were made 4 nun from t h e  e x i t  p lane  on the  c e n t e r l i n e  
o f  t he  j e t .  The f l o w  angle o f  t he  j e t  r e l a t i v e  t o  
t h e  o p t i c a l  a x i s  was s e t  a t  approx imate ly  70’, which 
corresponded t o  a component a long the  o p t i c a l  a x i s  of 
34 percent  o f  t h e  v e l o c i t y  magnitude. Th is  assured 
t h a t  the Doppler s h i f t e d  s p e c t r a l  peak d i d  n o t  over- 
l a p  t h e  u n s h i f t e d  peak. The v e l o c i t y  magnitude was 
determined by measuring t h e  t o t a l  temperature and 
t o t a l  pressure and assuming i s e n t r o p i c  f l o w  through 
t h e  nozzle. A m ine ra l  o i l  aerosol  was i n j e c t e d  up- 
stream o f  t h e  nozz le t o  p r o v i d e  seed p a r t i c l e s .  
The CFP s p e c t r a l  measurements were made by scan- 
n ing  over  a frequency range l e s s  than t h e  f r e e  spec- 
t r a l  range t o  reduce t h e  da ta  a c q u i s i t i o n  t ime. The 
Scan t ime  was 4 seconds. The known Bragg c e l l  f r e -  
quency was used t o  c a l i b r a t e  t h e  CFP spectrum. The 
Doppler s h i f t  f r equenc ies  a r e  then determined us ing  
non l i nea r  l e a s t  square parameter e s t i m a t i o n  tech- 
niques (Wolberg, 1967, Chap. 3 )  t h a t  p rov ide  bo th  
est imates o f  t he  Doppler s h i f t  and t h e  e r r o r  i n  t h e  
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F i g u r e  4.- Low v e l o c i t y  f r e e  j e t  Fabry-Perot d a t a  
(a )  s i n g l e  beam spectrum a t  a i  = 30' w i t h  l eas t  
squares f i t  shown as d o t t e d  l i n e  (b )  Doppler f r e -  
quency s h i f t  data and l e a s t  squares fit; the * 
i n d i c a t e s  t h e  datum taken f rom t h e  spectrum shown 
i n  p a r t  (a) .  
est imate.  The s p e c t r a l  peaks were modeled as 
Gaussian func t i ons  p l u s  a constant, and Poisson sta- 
t i s t i c s  were assumed. The frequencies o f  t h e  peaks 
were then  used t o  determine t h e  mean v e l o c i t y  magni- 
tude V and d i r e c t i o n  angles e and 4; again using 
l e a s t  squares parameter e s t i m a t i o n  w i t h  Equat ion 8 as 
t h e  model f unc t i on .  
LOW V e l o c i t y  Measurements 
The s i n g l e  beam technique was used t o  measure 
spec t ra  a t  27 va lues o f  t h e  angle a i .  A t y p i c a l  
spectrum w i t h  t h e  l e a s t  squares f i t  i s  shown i n  
F i g u r e  4a f o r  a i =  30'. The l e f t  peak i s  caused by 
t h e  u n s h i f t e d  l a s e r  1:ght and the  r i g h t  peak i s  due 
t o  l i g h t  sca t te red  f rom t h e  seeded f low.  The spec- 
t rum c a l i b r a t i o n  f a c t o r  was measured us ing t h e  t h i r d  
o rde r  Bragg d i f f r a c t e d  beam (116.5 MHz). F i g u r e  4b 
shows t h e  Doppler s h i f t  as a f u n c t i o n  of t he  angle of 
t h e  i n c i d e n t  beam a i  a long w i t h  t h e  l e a s t  squares 
f i t .  The v e l o c i t y  magnitude and d i r e c t i o n  determined 
from t h e  l e a s t  squares f i t  were V = 26.4 * 2.0 m/s ,  e 
= 67.8* 0.5", and = 92.5* 2.4 . The s t a t i s t i -  
c a l  e r r o r  bounds correspond t o  one standard dev ia t i on .  
The v e l o c i t y  magnitude c a l c u l a t e d  f rom t h e  mea- 
sured t o t a l  temperature and t o t a l  pressure was 102.1 
m/s. Measurements were a l s o  taken us ing  t h e  dual- 
beam c o n f i g u r a t i o n  and t h e  counter-processor. The 
measured t ransve rse  v e l o c i t y  component was 94.2 m/s; 
t h e  v e l o c i t y  magnitude c a l c u l a t e d  f rom t h i s  component 
and t h e  f l o w  angle measured w i t h  the  CFP was 101.7 
mls. The apparent systemat ic  e r r o r  i n  t h e  CFP mea- 
surements i s  be l i eved  t o  be caused by an e r r o r  i n  the  
c a l i b r a t i o n  constant  as expla ined i n  t h e  Discussion 
of Resu l t s  sect ion.  
Sonic V e l o c i t y  Measurements 
F o r  these measurements, t h e  j e t  was operated a t  
son ic  f l ow .  Because t h e  nozz le  mounting hardware was 
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F i g u r e  5.- Sonic v e l o c i t y  f r e e  j e t  Fabry-Perot da ta  
( a )  dual-beam spectrum a t  a i  = 30', 210' w i t h  
l e a s t  squares f i t  shown as d o t t e d  l i n e  ( b )  Doppler 
s h i f t  data and l e a s t  squares f i t ;  t h e  * i n d i c a t e  
the  da ta  taken from t h e  spectrum shown i n  p a r t  (a) .  
changed between tes ts ,  t h e  o r i e n t a t i o n  o f  t h e  j e t  was 
n o t  i d e n t i c a l  t o  t h e  o r i e n t a t i o n  i n  t h e  low v e l o c i t y  
measurements. The CFP measurments were made us ing  
t h e  dual-beam o p t i c a l  c o n f i g u r a t i o n .  A t y p i c a l  spec- 
t rum i s  shown i n  F i g u r e  5a f o r  t he  i n c i d e n t  beam 
angles of 30' and 210 . The c a l i b r a t i o n  constant  was 
determined f o r  each spectrum us ing  the  u n s h i f t e d  peak 
( t h e  l e f t  peak) and t h e  f o u r t h  o rde r  (155.4 MHz) 
Bragg d i f f r a c t e d  peak, ( t h e  nex t  t o  l e f t  peak). The 
r i g h t  two peaks a re  due t o  Doppler s h i f t e d  l i g h t  
s c a t t e r e d  f rom the  seed p a r t i c l e s  i n  the  j e t .  Seven 
spec t ra  were taken and used t o  c a l c u l a t e  t h e  l e a s t  
squares f i t  shown i n  F igu re  5b. (Each spectrum con- 
t r i b u t e d  two Doppler s h i f t  frequencies, corresponding 
t o  the  l i g h t  sca t te red  f rom t h e  two i n c i d e n t  beams.) 
The v e l o c i t y  magnitude and d i r e c t i o n  determined fro! 
t h e  l e a s t  squares f i t  were V = 320 * 3 m/s, e = 69.2 
0.2', and B = 90.1' 1.4'. 
The v e l o c i t y  c a l c u l a t e d  f rom the  t o t a l  tempera- 
t u r e  was 313 m/s. As w i t h  the  low v e l o c i t y  measure- 
ments, t he  v e l o c i t y  magnitude c a l c u l a t e d  f rom t h e  
pressure and temperature measurements was o u t s i d e  t h e  
s t a t i s t i c a l  e r r o r  bounds o f  t h e  CFP measurements. 
Discuss ion o f  Resul ts  
Fo r  both measurements descr ibed above, t h e  CFP 
measurements o f  t h e  v e l o c i t y  magnitude d i d  n o t  agree 
w i t h  the  va lue determined from the  t o t a l  temperature 
and pressure measurements. (The v e l o c i t y  c a l c u l a t e d  
us ing  t h e  i s e n t r o p i c  f l o w  r e l a t i o n s  f o r  t h e  v e l o c i t y  
as a f u n c t i o n  o f  t o t a l  temperature and pressure i s  
b e l i e v e d  accurate t o  a t  l e a s t  one percent.) The CFP 
e r r o r s  were more than cou ld  be accounted f o r  by s ta-  
t i s t i c a l  e r r o r s ,  an i n d i c a t i o n  o f  systemat ic  e r r o r s .  
Th i s  apparent systemat ic  e r r o r  i n  the CFP measure- 
ments i s  be l i eved  t o  be caused by e r r o r s  i n  t h e  mea- 
surement of  t h e  c a l i b r a t i o n  f a c t o r  o f  t h e  spect ra.  
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It was observed that the measured calibration 
factor tended to change with time. Since the Bragg 
cell frequency was constant, this change was probably 
caused by either a drift in the ramp voltage that was 
used to scan the CFP, or by a change in the relation 
between the piezo-electric element displacement and 
the applied voltage. 
In the first set of data (the low velocity mea- 
surements), the calibration factor was measured sepa- 
rately from the velocity data. Two measurements of 
the calibration factor were used. Over the course of 
the measurements, the calibration factor changed by 
about 8 percent. This change could account for the 
apparent systematic error of 6 percent. 
In the second set of data (the sonic velocity 
measurements), the calibration factor was determined 
from each spectrum, thus eliminating the drift pro- 
blems encountered in the low velocity measurements. 
However, the frequency spacing of the spectral peaks 
used for the calibration was only about one-third of 
the Doppler shift frequencies. This means that an 
one percent error in the calibration would result in 
a three percent error in the Doppler frequency mea- 
surement. This could easily account for the two 
percent error in the velocity magnitude measurement. 
To reduce errors in the calibration factor mea- 
surement, the Bragg cell frequency should be selected 
so that the spacing of the spectral calibration peaks 
is at least as large as the Doppler shift frequen- 
cies. Also, the calibration should be determined for 
each spectrum (as was done for the sonic velocity 
measurements). 
CONCLUDING REMARKS 
In this paper it was shown that a Fabry-Perot 
interferometer can be used to measure the three com- 
ponents of velocity using a backscatter optical con- 
figuration. Because the velocity component measured 
with a Fabry-Perot lies approximately along the line- 
of-sight, this component can be more easily measured 
than with a fringe system. However, the transverse 
components are measured with less accuracy. In this 
sense the interferometric systems (along with refer- 
ence-beam heterodyne systems) are complementary to 
the fringe systems. To obtain accurate three compon- 
ent measurements with either system requires a fairly 
large viewing cone (about f/3 or larger). With 
limited optical access, one is led to consider hybrid 
techniques that combine the fringe method with either 
reference-beam or interferometric methods. Interfer- 
ometric methods are more suitable with high velocity 
flows because of lack of any limitations on the mea- 
surable Doppler frequency shift. 
One final consideration that should be mentioned 
is that interferometric laser anemometry techniques, 
such as described in this paper, require that the 
laser frequency have only a small amount of jitter. 
This is usually not a problem in laboratory environ- 
ments, but in test facilties that generate high 
levels of mechanical vibration and/or acoustic noise 
levels the laser may exhibit an unacceptable amount 
of frequency jitter. In previous work conducted in a 
turbine stator cascade facilty (Seasholtz and Gold- 
man, 1982), it was necessary to locate the laser and 
optics in an acoustic enclosure. This problem of 
frequency stability is generally not a problem with 
fringe-type anemometers. 
REFERENCES 
Edwards, R. V. Angus, 3. C., French, M. J., and Dun- 
ning, J. W., Jr., 1971, "Spectral Analysis of the 
Signal from the Laser Doppler Flowmeter: Time-Inde- 
pendent Systems", J. Appl. Phys., 42, 837. 
Eggins, P. L., and Jackson, 0. A., 1972, "Laser OoPP- 
ler Velocity Measurements in Supersonic Flow without 
Artificial Seeding", Phys. Lett., %, 122. 
Hercher, M., 1968, "The Spherical Mirror Fabry-Perot 
Interferometer", Appl. Opt., 1, 951. 
6 
Jackson, D. A., and Paul, D. M., 1970, "Measurement 
of Hypersonic Velocities and Turbulence by Direct 
Spectral Analysis of Doppler Shifted Laser Light", 
phys. Lett., 32J, 77. 
Jackson, D. A., and Paul, D. M., 1971, "Measurement 
of Supersonic Velocity and Turbulence by Laser Anemo- 
metry", J. Phys. E:, 4, 173. 
Jackson, D. A., and Eggins, P. L., 1976, "Supersonic 
Velocity and Turbulence Measurements Using a Fabry- 
Perot Interferometer", in Application of Non-Intru- 
sive Instrumentation in Fluid Flow Research, AGARD 
CP-193, pp. 6-1 to 6-13. 
James, R. N., Babcock, W. R., and Seifert, J. S., 
1968, "Laser-Doppler Technique for the Measurement of 
Particle Velocity", AIAA J., 6, 160. 
Johansson, T. G.,Jernquist, L. F., Karlsson, S. K. 
F . ,  and Froessling, N., 1976, "A Three-Component 
Laser-Doppler-Velocimeter", in Applications of Non- 
Intrusive Instrumentation in Fluid Flow Research, 
Meyers, J. F., and Wilkinson, S. P., 1982, "A Compar- 
ison of Turbulence Intensity Measurements Using a 
Laser Velocimeter and a Hot Wire in a Low Speed Jet 
Flow", International Symposium on Applications of 
Laser-Doppler Anemometry to Fluid Mechanics", pp. 
Morse, H. L., Tullis, 8. J., Seifert, H. S . .  and 
Babcock, W . ,  1969, "Development of a Laser-Doppler 
Particle Sensor for the Measurement of Velocities in 
Rocket Exhausts", J. Space Rockets, 6, 264. 
Neti. S.. and Clark. W.. 1979. "On-Axis Velocitv 
AGARD CP-193, pp. 28-1 to 28-4. 
17.4-1 to 17.4-14. 
Component. Measurement' with Laser. Velocimeters", A I i  
J., 17, 1013. 
Drloff, K. L., and Logan, S. E., 1973, "Confocal 
Backscatter Laser Velocimeter with On-Axis Sensitiv- 
ity", Appl. Opt., 12. 2477. 
Orloff, K. L., and Snyder, P. K., 1982, "Laser-Dopp- 
ler Anemometer Measurements Using Nonorthogonal Velo- 
city: Error Estimates", Appl. Opt., 21, 339. 
Seasholtz, R. G., and Goldman, L. J., 1982, "Laser 
Anemometer Using a Fabry-Perot Interferometer for 
Measuring Mean Velocity and Turbulence Intensity 
Along the Optical Axis in Turbomachinery", in Engi- 
neering Applications of Laser Velocimetry, (ed. H. W. 
Coleman and P. A. Pfund), pp. 93-101. New York: 
American Society of Mechanical Engineers. 
Self, 5 .  A., 1974, "Laser-Doppler Velocimetry in MHO 
Boundary Layers", in Engineering Aspects of Magneto- 
hydrodynamics (ed. Y .  C. L. Wu) pp. V.8.1-V.8.4, 
University of Miss i ss i ppi . 
Siegman, A. E., 1966, "The Antenna Properties o f  
Optical Heterodyne Receivers", Proc. IEEE, 3, 1350. 
Stevenson, W. H., dos Santos, R., and Mettler, s. C., 
1975, "A Laser Velocimeter Utilizing Laser-Induced 
Fluorescence", Appl. Phys. Lett., 1, 395. 
Wolberg, J. R., 1967, Prediction Analysis, Princeton, 
New Jersey, D. Van Nostrand. 
1. Report No. 
NASA TM-83692 
Three Component V e l o c i t y  Measurements Using 
Fabry-Perot  I n t e r f e r o m e t e r  
2. Government Accession No. 
7. Author@) 
19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of pages 
Uncl as s i  f i ed Uncl ass i f i ed 
Richard  G. Seashol tz and L o u i s  J. Goldman 
22. Price’ 
9. Performing Organization Name and Address 
N a t i o n a l  Aeronaut ics and Space A d m i n i s t r a t i o n  
Lewis Research Center 
Cleveland, Ohio 44135 
. 
12. Sponsoriijg Agency Name and Address 
N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
Washington, D.C. 20546 
15. Supplementary Notes 
3. Recipient’s Catalog No. 
5. Report Date 
8. Performing Organization Code 
505-31-52 
8. Performing Organization Report No. 
E-2148 
IO. Work Unit No. 
11. Contract or Grant No. 
13. Type of Report and Period Covered 
Technica l  Memorandum 
14. Sponsoring Agency Code 
Prepared f o r  t h e  Second I n t e r n a t i o n a l  Symposium on Appl i c a t i o n s  ,of Laser 
Anemometry t o  F l u i d  Mechanics sponsored by I n s t i t u t o  Super io r  Tecnico 
( L i s b o n ) ,  L isbon, Por tuga l ,  J u l y  2-4, 1984. 
16. Abstract 
A method f o r  measuring t h e  t h r e e  components o f  mean f l o w  v e l o c i t y  u s i n g  a 
b a c k s c a t t e r  o p t i c a l  system based on a confoca l  Fabry-Perot  i n t e r f e r o m e t e r  
i s  descr ibed.  
component measurements i s  presented a long w i t h  exper imenta l  da ta  taken 
i n  a f r e e  j e t  a t  two f l o w  v e l o c i t i e s  (100 and 300 m/s) .  
An a n a l y s i s  o f  t h e  expected u n c e r t a i n t i e s  i n  t h e  v e l o c i t y  
17. Key Words (Suggested by Author(s)) 
Laser anemometry 
V e l o c i t y  measurement 
Fabry-Perot  i n t e r f e r o m e t e r  
--._I_- -I.”-. 
18. Distribution Statement 
U n c l a s s i f i e d  - u n l i m i t e d  
STAR Category 35 
~ 
‘For Sale by the National Technical Information Service. Springfield. Virginia 221 61 
